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Abstract 
A promising approach to provide in the near future electricity from fossil fuels, for the worldwide increasing energy requirements 
with near-zero CO2 emissions is the IGCC (Integrated Gasification Combined Cycle) technology with pre-combustion CO2 
capture. One important aspect within this technology is the development of advanced processes for the capture of CO2, i.e. its 
separation from hydrogen, with improved efficiency to decrease the energy consumption in this step. In our laboratory, the 
CO2/H2 separation by a pressure swing adsorption process is investigated, including both the experimental characterization of 
suitable commercial and new adsorbents as well as the development, design and optimization of a proper process concept 
including the required purification steps by a process simulation.  
 
IGCC; CO2 Capture; PSA; Adsorption Isotherms; Process Modeling 
1. Introduction 
Carbon dioxide capture and storage (CCS) is a set of technologies for the capture of CO2, its transport to a 
storage location, and its isolation from the atmosphere. CCS allows avoiding the increase of atmospheric CO2 
concentration and in this way mitigating climate change, while at the same time enabling a continued use of fossil 
fuels. A promising approach for near-zero CO2 emission power plants to be realized within the near future is the 
IGCC technology (Integrated Gasification Combined Cycle), where the fuel, e.g. coal, is gasified and converted 
mainly to H2 and CO2 in a shift reactor. Before entering the turbine, CO2 is removed from the gas. This is a so-called 
pre-combustion capture and represents one of the key challenges within this process. One possible method for CO2 
removal is adsorption, which can be applied in a pressure swing adsorption process. To assess the potential of this 
option three different aspects have to be considered, namely the characterization of suitable adsorbents for CO2/H2 
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separation, the design of an appropriate pressure swing adsorption process and the development of an overall 
process concept, including also the preliminary purification steps. 
Different existing adsorbents are capable of separating CO2 and H2, however to make the technology profitable, 
improvements in the adsorption behavior are needed. Therefore, activated carbon, a well-known adsorbent, is 
chosen to form a reference case that can be used for comparison of newly developed, tailored adsorbents. One 
important characteristic of an adsorbent is its equilibrium adsorption isotherm. The adsorption isotherms of CO2 and 
H2 on activated carbon have been measured at 45°C up to 190 bar by a gravimetric method and the results are 
presented.   
For the design of a pressure swing adsorption process various possibilities exist to combine the four basic steps, 
namely pressurization, adsorption, blowdown and purge. To find the best configuration and the optimal conditions 
for the process, conceptual models based on equilibrium theory as well as rigorous process simulation are required. 
A rigorous PSA model is presented and three different known basic PSA configurations are described in this work. 
 
2. Experimental section 
2.1. Materials 
Activated carbon (AP3-60) was obtained from Chemviron Carbon (Neu-Isenburg, Germany). According to the 
manufacturer the diameter of the pellets was 0.3 mm. Prior to the adsorption measurements the sample was dried 
under vacuum at 150°C for one day. The gases used in this study were obtained from Pangas AG (Luzern, 
Switzerland), namely CO2 and H2 at a purity of 99.995% and He at a purity of 99.999%. The critical properties of 
the adsorbates are as follows: Tc(He) = 5.26 K, Pc(He) = 2.26 × 105 Pa, ȡc(He) = 69.3 kg/m3, T (COc 2) = 304.1K, 
Pc(CO2) = 73.7 × 105 Pa, ȡc(CO2) = 467.6 kg/m3, Tc(H2) = 33.19 K, Pc(H2) = 13.10 × 105 Pa, ȡc(H2) = 31 kg/m3. 
2.2. Adsorption measurements 
The adsorption experiments were performed in a Rubotherm magnetic suspension balance (Rubotherm, Bochum, 
Germany), which allows measurements at pressures and temperatures up to 450 bar and 250 °C, respectively. The 
sample weight is measured with an accuracy of 0.01 mg. Furthermore, the fluid bulk density can be obtained in situ 
by measuring the buoyancy of a titanium sinker, whose volume has been calibrated independently. The experimental 
setup and the measurement procedure are described in more detail in [1,2], nevertheless they are shortly summarized 
in the following.  
After having placed about 2.5 g of adsorbent in the balance, the system is evacuated at a temperature of 150°C 
and the weight 01M , which consists of the mass of the metal parts and the mass of the activated carbon sample, 
i.e. , is measured: met ac0m m
0 met ac
1 = 0M m m   (1) 
Then the system is filled with helium, and the volume of the adsorbent and the metal parts  is obtained: ac met0 +V V
 0 b1 1ac met
0 b
,M M T
V V
U
U

    (2) 
 b1 ,M TU  and temperature T. bU is the mass measured at the given experimental conditions, i.e. at density where 
After evacuating it again, the system is then filled with the fluid to be adsorbed, namely CO2 or H2. As the 
volume of the adsorbed phase cannot directly be measured, the adsorption is commonly represented by the excess 
adsorption  b ,TU* which is defined according to the first part of equation (3). From the measurement at a given 
pressure and temperature the excess adsorption can be calculated according to the second part of equation (3). 
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where  and  are the mass and the volume of the adsorbed phase, respectively. adsm adsV
The experimental results reported in the next section are given in terms of the molar excess adsorption nex per 
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2.3. Experimental results and discussion 
The isotherm measurements were performed at 45°C and at pressures up to 150 bar. In Figure 1, the molar excess 
adsorption of CO bU2 on AP3-60 is shown against the bulk density . The experimental data exhibit the usual 
behavior of excess adsorption isotherms: at low bulk densities the excess amount adsorbed increases with increasing 
bulk density to reach a maximum value, whereas at high bulk densities the molar excess adsorption decreases almost 
linearly with increasing bulk density. Additionally in Figure 1 the molar excess of H2 on AP3-60 is represented as a 
function of the density. For the H2 excess isotherm no maximum is observed; this is due to the fact that the working 
temperature is much higher than the fluid critical temperature. Compared to the CO2, a higher pressure is therefore 
needed to reach the fluid critical density. 
 
 
Figure 1: Molar excess isotherms of CO  (blue triangles) and H  (red circles) on activated carbon AP3-60 at 45°C. 2 2
At the same process conditions, i.e. at the same pressure and temperature, CO2 adsorbs significantly more than 
H2, suggesting that the two gases can be separated through the PSA process. However, this conclusion needs to be 
supported by competitive adsorption measurements of mixtures of these two components. As it has been anticipated 
above, the activated carbon corresponds to the reference case scenario and there these results show the lower limit of 
adsorption performance for all newly developed materials. 
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3. Mathematical model 
The pressure swing adsorption process is described by a one-dimensional solid surface resistant model, in which 
temperature as well as concentration of the solid phase is described using lumped equations. The following 
simplifying assumptions are made: ideal gas behavior, negligible radial temperature and concentration gradients as 
well as temperature independent diffusivities and physical properties. Furthermore, the pressure is assumed to be 
constant during the adsorption and the purge step. 
The overall mass balance for every component i in the column is given as follows: 
 
L
1 0
* *
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where ci and qi are the fluid and the adsorbed phase concentration of species i, respectively; u is the superficial gas 
velocity;  and *H H  are the overall and the bed void fraction, respectively; Q  is a dimensionless relation of the 
overall void fraction,  1 * / *H H LiD;  is the axial dispersion coefficient of species i; t and z are the time and space 
coordinate. 
By expressing the mass transfer rate with a linear driving force (LDF) model, the material balance in the 
adsorbed phase takes the following form: 
m p ( * )
i
i i i
q
k a q q
t
w
 
w
   (6) 
where kmi is the linear lumped mass transfer coefficient for species i; ap is the specific surface of the adsorbent 
particles and is the adsorbed phase concentration in equilibrium with the gas phase, which can be calculated 
using the extended Langmuir isotherm: 
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where  is the partial pressure and  and are the saturation capacity and the Langmuir equilibrium constant. i si i
To account for temperature changes during the PSA process, heat balances can be written for the fluid and the 
adsorbed phase: 
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where ,   and  are the fluid, the wall and the solid phase temperature, respectively; T wT sT J is the dimensionless 
relation between s gC C , which are the heat capacity of the solid and the fluid, respectively; jH'  is the heat of 
adsorption of species j;  and  are the heat transfer coefficient for the fluid phase and wall and the fluid and solid 
phase, respectively; 
Lh sh
LK  is the thermal axial dispersion coefficient. 
The change in pressure during the pressurization and the blowdown step is described by the Ergun equation: 
2
3 2 3
p p
150 (1 ) 1.75(1 )P H H U
H H
w    
w
p u
z d d
u u   (10) 
 is the dynamic viscosity;  the particle diameter and  is the fluid phase density. where P Upd
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3.1. Simulation Results 
The finite differences method has been applied to discretize in space the partial differential equations. The 
ordinary differential equations are then solved numerically in Fortran by using a commercial ODEs solver. 
In Figure 2 the results of a simulation of the adsorption step are shown. The column was initially filled with H2. 
The feed gas consists of CO2, H2, CO and CH4, with a feed gas composition of 0.17, 0.755, 0.04 and 0.035, 
respectively. However for the sake of clear illustration H2 is not shown in Figure 2, since its composition can be 
readily obtained by balancing the other components to one. All other input parameters are chosen according to [3]. 
 
 
CO2
CO CH4
 
Figure 2: Simulated exit profiles CO , CO and CH . 2 4
By evaluating pressure, temperature and composition profiles, the model described can be used to define the final 
process design. In particular, this is done by optimizing the sequence of the four PSA steps, namely pressurization, 
adsorption, blowdown and purge and the process conditions. In the next section three different PSA configurations 
are presented. 
 
4. PSA Process configurations 
Three different basic PSA process configurations are described in literature [4]. The process concept is chosen 
depending on the purity requirements of the components, which have to be separated. Most industrial units are of the 
so-called stripping PSA type, where a highly pure light product (less adsorbing component) is obtained (see Figure 
3a). For the sake of simplicity the pressurization and the blowdown steps are not shown in the figure. To achieve a 
high purity of the heavy product (strongly adsorbing component) another process configuration, called rectifying 
PSA is applied (Figure 3b). Combining the two process configurations in the so called dual-reflux PSA, allows both 
the heavy and the light products to be produced at a high purity, as shown in Figure 3c. 
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Figure 3: Three different PSA process configurations[4] a) Stripping PSA; b) Rectifying PSA and c) Dual reflux PSA. 
5. Conclusion 
The development of a H2/CO2 separation process for an IGCC plant with pre-combustion CO2 capture needs a 
fundamental material evaluation as well as a rigorous process development including modeling. To establish a 
reference case, the excess adsorption isotherms of CO2 and H2 at 45°C on activated carbon AP3-60 were measured 
up to 150 bar. The higher adsorption of CO2 on the activated carbon at the same process conditions is required for an 
effective separation process. The potential of novel adsorbents will be evaluated with respect to this reference case. 
A model used to describe the PSA process is presented, consisting of both material and heat balances. Evaluating 
temperature, pressure and concentration profiles leads to a final PSA process configuration, which meets the 
boundary conditions requested by the IGCC process, e.g. the constraints given by the gas turbine. 
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